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INTRODUCTION

Raytheon Electronic Systems of Tucson, Arizona, a government defense contractor and commercial electronics producer, has requested a preliminary design and proof-of-principal prototype for an optical window positioning system. The mechanism will be used in a tank-launched free flying projectile used for delivering an explosive warhead onto an armored target. The window is needed to perform Non-Uniformity Compensation (NUC) on an infrared sensor located within the projectile. This is achieved by inserting the optical lens into the optical path of the sensor; temporarily blurring the scene and allowing for gain compensation to be performed on individual pixels of the infrared sensor. In doing this, the infrared sensor is calibrated such that a uniform image results from a uniform scene, with no over-or-under-sensitive pixels.


Raytheon has asked the Infrared Seekers team to design and fabricate a mechanism that will position the calibration lens in the optical path of the sensor within one second and out of the path within one second. The mechanism needs to survive a static acceleration of 10-kG’s normal to the optical lens, 3-kG’s in plane with the lens during launch, and three lateral G’s during the flight of the projectile (values from acceleration environment graphs, Appendix B). The mechanism must be contained in a 0.2352-inch thick by 2.899-inch diameter cylinder as shown in Figure 1.0. Additional specifications for the design are listed in Appendix A. The main objective is to design and fabricate a proof-of-principle prototype that will be analyzed using a static linear contact analysis using the maximum SRS values provided by Raytheon. In addition, Raytheon has offered a Rail Gun Test of our design to determine the probability of survival during the projectile launch.

Figure 1.0, Packaging Envelope
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DESIGN PROCESS

The design process has focused around the constraints provided by Raytheon. The main restrictions to the project include the lack of space, high force applications and power limitations. Through modeling and analysis, three different design solutions were generated.

MODELING

A proof of concept model was generated for two of the final three design solutions. A full-scale cardboard model of design two was created and helped visualize flaws in the design. A three-times-scale model of design three was generated out of cork tile and heavyweight paper. The large-scale model helps to visualize and dimension key components. The final design solution and two alternates are discussed in detail in the following section.

DESIGN ALTERNATIVES

During the design process, three preliminary designs were created to allow comparison between each design.  Due to the small space allotted for the positioning mechanism, problems arose during the search for motion devices. Through the research of micro-motors, linear actuators, memory metals, compressed gas, torsional springs, solenoids and other magnetic based mechanisms; only one commercially available product was found that could be incorporated into the design space (Figure 2.0). Through consultation with industry specialists the possibility of fabricating a mechanism seemed unfeasible in the allotted time frame.  The following designs incorporate the only commercially available mechanism that was found during SOTA research.



Figure 2.0 Acceptable Solenoid
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DESIGN ONE

The first design concept involved the translation of the window aided by two solenoids as seen below in Figure 2.1. The movement would be induced with by the two solenoids attached directly to the window frame that would pull the window into the focal plane of the array. The window would remain out of position by use of a return spring. The concept of a return spring is ideal for this situation, since the sponsor requires the lens to remain out of position of the array if the device was to fail. The entire frame movement system would be attached to the outer support ring specified by Raytheon through a machined web-like space frame.

Two main problems impeded this first design. The first was the large actuation distance required to move the lens clear of the array. The possibility of using a lever to increase the solenoid actuation distance was unlikely since it complicated the design and introduced more regions for possible failure. The second problem involved the limited space on the sides of the window. This reduced the possibility that the lens and frame unit would fit into the space beside the array. 

Figure 2.1 Preliminary Design Concept One
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DESIGN TWO

The second design involved the use of a lever arm that would swing the lens into position. This arm would be pinned near the outer support frame and be pulled into position by a solenoid. This is shown in Figure 2.2. The solenoid would be mounted close to the pin to increase the lever effect and to provide the proper actuation distance required to move the lens into position. The second design also includes the use of a return spring to return the window to the out-of-position place.

The problem encountered in this design is the deflection induced due to the unsupported lever arm. The effects of the launch acceleration would cause the lens to repeatedly come into contact with the array. Calculations showed the lens would certainly fracture. Through consultations with the client, this aspect was unacceptable and the idea of supporting the arm was suggested.

Figure 2.2, Preliminary Design Concept Two
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DESIGN THREE (Selected Design)

The third design uses a similar concept to design two, but utilizes a pivot near the center of the positioning arm as shown in Figure 2.3. The positioning arm will be a uniform material with lead filled holes to counter balance the weight of the lens.  Through the use of the counterbalance, the impact of the lateral acceleration during launch and flight is not as significant. Another benefit of the central pivot is decreasing the distance that the unsupported mass of the lens is from the pivot point, consequently reducing the induced stresses on the arm at the pinned joint. However, this does not resolve the issue of providing supports for the positioning arm that arose in design two. As instructed by Brian Scott the lens frame will be an integral part of the positioning arm. The schematic of the window can be seen in Figure 2.4. 

The movement of the positioning arm is generated by a PO-25-6 solenoid and utilizes a helical return spring, similar to the previous design. The solenoid and spring will be placed as shown in Figure 2.3. The solenoid will be mounted to the envelope and web through two screws entering from the outside of the envelope to two threaded holes on the solenoid mounting plate. The solenoid actuation distance is a limiting factor, so the distance from the pivot point to the solenoid attachment will be minimized to maximize the lever effect of the arm. This becomes a major design factor, since moving the solenoid closer to the pivot point requires more force from the solenoid to move the arm to its destination.

Another situation that had to be resolved is the amount of angle allowed for the window-lens assembly to move.  This angle is dependent on the position of the pivot point on the lever arm.  By analysis we found that the closer the pivot point is to the lens, the larger the angle required to clear the sensor array. Ideally we would prefer a central pivot point, but the point might shift towards the lead counterweight during fabrication to decrease the required angle.

The positioning arm is connected to the support frame by a web and a press-fitted steel pin. The web will be integrated into the provided envelope to increase the overall strength. The web and envelope will also support the solenoid and various stops to limit the range of motion of the arm. The strength of the pin is an issue due to its relative size and area in which it will connect to the web and arm. The pin will be custom machined from stainless steel with a wide flange to stop the arm from separating from the bushing. The arm/pin connection will utilize an Oilite bushing to reduce the resistance that occurs between aluminum and steel contact. Additional lubricant may be placed on the pivot point to reduce friction. All design aspects are subject to revisions, pending further research.

Figure 2.3, Design Three (Selected Design)
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Figure 2.4, Frame & Germanium Lens Drawing 

[image: image4.png]Frame & Lens






STATUS OF DESIGN & ANALYSIS
The mechanism design phase is in accordance with the proposed schedule, with the final design being selected. Analysis became a strong factor in our justification of our design selection with numerous iterative design specifications occurring.

Material Selection


Many materials and processes were considered for the material selection. The mechanism envelope and web will be machined 7075-T6 aluminum. Aluminum was selected for the main part material due to its high strength-to-weight ratio when compared to other metals and its ease of machining. Other light metals that were considered include titanium and magnesium, but cost and availability remain the deciding factor. The material for the pin at the arm connection is standard stainless steel. The positioning arm will be machined from the same material as the envelope or possibly titanium if the machining costs remain within the project budget. The spring material has yet to be determined and might be custom made for this specific application. Raytheon will provide the germanium lens outside the project budget.

ANALYSIS JUSTIFICATION


Raytheon provided a strict model for static linear design analysis. The method for the analysis can be seen in the flowchart below (Figure 3.0). Component success defined by Raytheon is defined for both ductile and brittle material as:

· Permanent deformation of the optical surfaces are within tolerances defined by the optical engineer 

· Permanent deformation of support structure does not result in displacements of the optical elements greater than the allocated tolerances

· No interference with other elements or ultimate failures may occur

· Probability of failure must be less than 0.01%.  

Figure 3.0 Method for Design Analysis
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The analysis model provided by Raytheon requires the use of the Shock Response Spectrum (SRS) values as the main factor of the analysis. The SRS values were obtained from the force data from previous rail gun tests that have occurred. The design analysis progressed through the following stages to prove that the design would meet the design specifications:

STATIC ANALYSIS


Static analysis was the starting point for the evaluation of the design. A specific desired factor of safety was not included in our design calculations in view of the fact that the force values provided by the client are less than that of the testing environment. Dimensions of the load bearing members (arm, pin, and support structure) were created through static analysis utilizing yield strengths for the selected materials. The forces applied to the arm during the design included the static force of the 10-kG launch set-back acceleration, 4-kG set-forward, and the 4-kG balloting. The counterbalance mass of the arm was determined by calculating the equivalent lead mass required to offset the mass of the window and lens apparatus. The mass of the lens adhesive was neglected in this calculation since it was deemed negligible (Appendix H). 


Specific static calculations that were performed include arm deflection under set-back acceleration, arm stress under set-back acceleration, arm stress due to lateral balloting accelerations, pivot pin stress due to balloting accelerations, and minimum required arm swept angle (refer to Appendix H ).  Results from these calculations indicate that the minimal angle for the arm to sweep is 51.9( (rounded to 53( for tolerance allowances) while the structural integrity of the arm and pin connection is sufficient in all aspects except for the normal set-back acceleration.  Calculations show factor of safety of approximately 0.68, with respect to material yield strength, for this condition.  This is not satisfactory, and led to the inclusion of a rest for the arm, so that deflection normal to the lens would be kept to a minimum, and thus negate the possibility of plastic deformation of the arm near the pivot point.

FINITE ELEMENT ANALYSIS


A Finite element analysis will occur on the main structural components of our design in the future. The main regions in question are stress concentrations that develop around changes in geometry of the positioning arm. Also, the connection of the arm, bushing, and pin are areas that will be investigated at a future time.  
DYNAMIC ANALYSIS


An idealized representation of the window, lens, and counterbalanced arm assembly was created using Adam’s View 12.0 dynamic analysis software. The forces that occur during operation of the mechanism were induced on the arm; including the return spring force and the force generated by the solenoid.  The force that must be provided by the solenoid to move the arm under the 3-G lateral acceleration is reduced to that solely provided by the return spring in that the arm is balanced and any external accelerations on one side of the arm would be negated by the equivalent mass on the opposite side of the arm.  

A constant solenoid force of 1 ounce was selected for preliminary runs in Adams, with a constant spring return force of 0.75 ounces.  The solenoid actuated the arm through 53( of rotation in approximately 0.046 seconds (Figure #).  The selected solenoid, PO-25-3V, provides 2 ounces of pulling force at 2.5 times nominal voltage (7.5 V) when at full plunger extension.  This force increases at an almost exponential rate when the plunger retracts, providing a much higher moment on the arm when positioning the window over the array (Figure  )  Utilizing the extra force provided by the solenoid would decrease the actuation time for the arm even further, and provide a factor of safety for the possibility of the fabricated arm having small mass moment of inertia differences between the two sides.  Additionally, the actual force provided by the spring would chance linearly with actuation distance, and thus would provide a slightly higher resistive force when the arm was fully actuated.  Given the expected extension distance of the spring, a spring rate of approximately four ounces per inch would ensure that the window would remain clear of the array throughout the remainder of its use, without limiting the action of the solenoid. 

FUTURE TASKS


The remainder of the semester will be devoted to fabrication of the final prototype in accordance with our design selection. Some further analysis will occur, which will include element analysis of the key support components, and a full Adams model including all forces and masses of the solenoid, linkages, arm, and spring. The remainder of the parts (bulk material, spring, and fasteners) will be ordered within the next week. The machining work required in the production of our final prototype will be delegated to a local machine shop if the cost remains within the project budget. The culmination of the project will be a rail gun test of our final prototype by Raytheon on April 15.   

CONCLUSION

The balanced-arm design selected to meet the project requirements will be able move the calibration window into and out of plane in a more than sufficient amount of time.  With the inclusion of a resting platform for the window during launch, the arm will be able to withstand the 10,000 G set-back acceleration, and additionally will resist the balloting and set-forward accelerations with a high factor of safety.  The use of a small, commercially available solenoid provides the necessary movement at an ease of manufacturing and low cost, while existing within the space and power consumption requirements.  Additionally, by utilizing the spring to return the arm to the out-of-plane position, if any power or solenoid failures occur, the lens will remain out of place and will not interfere with the infrared sensor in any way.  

Given the simplicity of the design, a small number of parts will need to be fabricated, and therefore the final prototype should be presented on schedule, with a high probability that it will be under budget as well.  Thus, the survival of the finished mechanism in the rail gun test will indicate a project success, in mechanical as well as managerial terms.

APPENDIX A: Project Requirements

The following specifications were provided by Brian Scott of Raytheon Electronic Systems.

The device must:

· Survive 10.0-kG’s launch acceleration acting normal to the window face. It must withstand 0-3G’s laterally while in flight and while device is moving the lens. It must withstand 5Gs RMS laterally. It must withstand 3.0-kG’s laterally during launch from balloting. It must withstand 2.0-kG’s setback acceleration during launch. 

· Be packaged in a 0.231” tall by 2.9” diameter cylinder, excluding electronics that can be located remotely. Dimensional tolerances must be within one-ten-thousandths of an inch.

· Move a Single Crystal Germanium lens (0.040” thick by 0.6” minimum diameter, 0.352lbm, Modulus of Elasticity =18.7x106 psi, Poisson's ratio =0.372, density =0.192 lbm/in3) into, or out of, position in less than 1 second. The window must remain in position for 1 second and cover the specified photocell array. “In Position” means the window is covering a photocell array located at the centerline of the cylindrical volume for the assembly. “Out of position” means that it is clear of the center 0.6” diameter but still within the allocated volume.

· Require less than 24 Watts at a maximum of 24Vdc for less than 1 second, and less than 5-Watts continuous if needed.

· Have low mass.

· Have the capability of repeated actuation for the purposes of multiple checkout runs for the system. The final actuation can be a one-shot mechanism, but for lab use multiple resets is needed.

· Withstand -320 to 190C operating conditions, and -460 to 630C storage conditions.

· Must support 0.352lbm optics

· Have a 10-15 year storage life.

No testing of the device by the Raytheon Seekers Team has been required by Brian Scott or Raytheon, but possible testing for the final prototype has been offered by Brian Scott outside the project guidelines.

APPENDIX B:  Rail Gun Environment Graph
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Provided by Brian Scott of Raytheon

APPENDIX C: Cost Estimate and Bill of Materials
We are currently in process of acquiring the primary components of the system that will be used for testing and in the final prototype, such as solenoids, springs, and material. Projected and actual costs are represented.

Modeling Parts:

Vendor Information:



Michaels 

The Art and Crafts Store

1500 Riordan Ranch St.

Flagstaff, Arizona 86001-6372

Item
     Quantity

Cost


P-Cork Tiles
4

10.99

SP-25-3

1

12.99



SP-25-12

1

3.49



PO-25-6

8

3.49

TOTAL



$38.87
Machine Shop Labor & Material:

Vendor Information:

K & M Machine Tool Inc.

610 E. Butler Avenue

Flagstaff, Arizona 86001

(928) 774-0558

Contact: Wayne

Item
     
Rate

Quantity
Cost


Aluminum Material
$7.50

     1

7.50

Hourly Labor
$47.50

     2

95.00

TOTAL





$102.50
Solenoid Screws:

Vendor Information:

MORRIS

394 Elm Street

Southbridge, Massachusetts 01550

(508) 764-4394

Item
     

Quantity
Cost


Round Head Screw

    144

24.00

TOTAL




$24.00
Spring:

Spring vendor and part data has not been determined

Solenoids:

Vendor Information:

Electro Mechanisms, Inc.

990 N. Amelia Ave.

San Dimas, CA   91773

Phone:  909.394.9953

Fax:  909.394.0782

E-mail:  solenoids@electromechanisms.com

Item
     Quantity

Cost

Total

SP-25-6

4

5.73

22.92

SP-25-3

2

5.73

11.46

SP-25-12

2

5.73

11.46

PO-25-6

4

5.51

22.04


PO-25-3

2

5.51

11.02


PO-25-12

2

5.51

11.02

TOTAL





$89.92

Project Cost to Date: (March 14, 2003)

	ITEM
	Cost

	Solenoids
	89.92

	Solenoid Screws
	24.00

	Spring
	5.00

	Stock Material & Labor
	102.50

	Modeling
	38.87

	TOTAL
	$260.29


APPENDIX D: Project Schedule
Final Design Selection - COMPLETED

February 15, 2003

Start Design Analysis - IN PROCESS

February 16, 2003

Status Report #2 - COMPLETED


February 18, 2003

Start Fabrication of Prototype



March 14, 2003

Status Report #3




April 3, 2003

Finish Prototype Fabrication



April 10, 2003

Rail Gun Test by Raytheon



April 15, 2003

Capstone Conference




April 25, 2003

Complete Final Report




May 5, 2003
APPENDIX E: Time Sheet as of 3/14/2003
Eric Draves


43.25 hours

Trevor Moody


71.00

Aaron Scrignar


71.95

Stacy Snyder


32.55

LaTanya Williams

39.75




Total
258.5
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www.brockeng.com/mechanism/index.htm; Nov. 12, 2002. Index and animations of selected mechanisms.  Types range from straight-line generators to rotary-linear motion converters.

www.motion-control-buyers-guide.com/mcbg.html;   Oct. 3, 2002. Index of motion control manufacturers 
sub-organized into actuator types, i.e. linear, rotary, micro.  Provides contact info as well as 
website links for manufacturers.

www.ei.org/ev2/home; Oct. 1, 2002. Searches Compendex database for engineering and science related 
abstracts.  Allows for external database referencing to U.S. Patent Office and other databases.

www.festo-usa.com/products/index.html;  Oct. 5, 2002. Pneumatic actuator manufacturer product index.  
Various actuator styles are available, including micro-rectangular pistons, fluidic pneumatic 
muscles, and control sensors.

www.toyfoundry.com/products/index.html; Sept. 21, 2002. Product info web page for NanoMuscle Actuator with datasheet and specifications. NanoMuscle is a micro-electromechanical linear 
actuator.

http://www.matweb.com/search/GetSubcat.asp; bronze metal list for the bushing
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APPENDIX G: Design Drawings
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APPENDIX H:   Static Calculations
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APPENDIX I:  Dynamic Analysis
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Full Arm Swept Angle:


53 Degrees
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